Abstract-Modern power systems are facing increased risk of disasters that can cause extended outages. The presence of remote control switches, distributed generators (DGs), and energy storage systems (ESS) provides both challenges and opportunities for developing post-fault service restoration methodologies. Inter-temporal constraints of DGs, ESS, and loads under cold load pickup conditions impose extra complexity on problem formulation and solution. In this paper, a multi-time step service restoration methodology is proposed to optimally generate a sequence of control actions for controllable switches, ESSs, and dispatchable DGs to assist the system operator with decision making. The restoration sequence is determined to minimize the unserved customers by energizing the system step by step without violating operational constraints at each time step. The proposed methodology is formulated as a mixed-integer linear programming model and can adapt to various operation conditions. The proposed method is validated through several case studies that are performed on modified IEEE 13-node and IEEE 123-node test feeders.
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I. INTRODUCTION

M
ODERN power systems are facing increased risk of wide area blackouts, potentially caused by extreme weather events, terrorism, cyber attacks, and other threats. The estimated average annual cost of weather-related outages is between $25 billion and $70 billion in the U.S. [1] . Unfortunately, the frequency and severity of weather-related events are expected to increase due to the changing global climate, making power systems more prone to experience weather-related outages. In addition, rapidly growing demand and economic operation of power systems under the deregulated environment force power systems to operate with limited operating margins, hence further increasing the risk of system collapse and cascading failures [2] .
Recent efforts have been made toward developing selfhealing smart grids to improve grid reliability, resilience, and security in response to interruptions [3] , [4] . Various methods have been proposed to solve the distribution service restoration (DSR) problem. Reconfiguration algorithms for restoring a local outage have been well studied in the literature, where DSR is normally modeled as a combinatorial optimization problem with operational and topological constraints. The optimization objective is to maximize the restored customer loads; some papers also consider the number of switching operations and customer priorities [5] . Recently, some emerging DSR methodologies have been proposed based on the concept of the microgrid [6] - [8] . When a fault occurs, if alternative restoration paths are unavailable, the affected customer loads could be potentially energized by a local distributed generator (DG). Then a temporarily isolated microgrid can be formed [6] . It has been demonstrated that a distribution system can be partitioned into multiple microgrids operating in parallel, and each microgrid can support the inner customers [7] . Similar to the bottom-up black start approach for transmission systems, at least one DG in the isolated microgrid should be able to perform black start and regulate the frequency and voltage during the restoration process [8] .
A feasible DSR plan should include a sequence of control actions (e.g., switching, DG dispatching) that the system operator can follow to restore the affected customers step by step. However, most existing methods formulate the DSR problem as a single-step optimization problem, which can only generate a final configuration and leave the task of generating a feasible intermediate control sequence to system operators. In the control center, the final configuration must be verified by switching order management (SOM) [9] . If some constraints happen to be violated, the solution should be updated and verified by SOM again. This iterative process will continue until a feasible solution is found. Therefore, a DSR methodology that can generate an optimal configuration, along with a feasible restoration sequence, is preferred. Some work has been done to address this challenge using different algorithms. Heuristic algorithms are employed in [10] and [11] to search for the optimal switching sequences. Mixed-integer programming (MIP) models for generating restoration sequences are proposed in [12] - [14] . A branch and bound algorithm is presented in [15] . In [16] , a dynamic programming algorithm is introduced to determine the timing and feeders to be energized. Most existing methods (e.g., [11] ) capable of generating restoration sequences are formulated as a twostage problem. An optimal final configuration is generated in the first stage. Then a feasible restoration sequence is found in the second stage. The two-stage methods perform well in most cases [12] . Some methods can search for the switching sequence (e.g., [10] ) without resorting to a final configuration.
Advanced distribution systems and microgrids feature bidirectional communication, distributed energy resources (DERs) and remote control components, hence providing unprecedented opportunities for improving existing DSR methods. Dispatchable DGs, energy storage systems (ESS), and remote control switches (RCSs) are valuable resources for DSR and have been studied in the literature as mentioned previously. Problems arise when coordinating the operation of DGs, ESS, and switching actions over a planned time horizon. Existing methods have difficulties incorporating some variables that are changing over time; for example, load demand under cold load pickup (CLPU) conditions and state-of-charge (SOC) of ESS. The expected DSR method must be able to generate a feasible restoration sequence that can incorporate time-critical operations such as ramping DGs up and down, and charging and discharging ESS.
Furthermore, the CLPU issues should be considered when restoring a system containing a high penetration of thermostatically controlled devices following an extended outage [17] . An aggregated load under CLPU conditions will present significantly increased load demand and inrush current, which could overload transformers and lines and affect protective applications [17] . Coping with CLPU issues involves modeling the loads as a function of time, which further necessitates the capability of handling inter-temporal models for DSR algorithms. It has been shown that local DGs can reduce the outage duration by energizing the customers under CLPU conditions [18] . Indeed, most capacity and voltage violations caused by CLPU issues can be avoided by operating local DGs. However, an integrated optimization methodology considering switching devices, DGs, and CLPU conditions is lacking in the literature.
To address these challenges, we propose an innovative multi-time step DSR methodology, which formulates the DSR problem as a mixed-integer linear programming (MILP) model. The proposed DSR algorithm can be applied to radial distribution systems and microgrids installed with DGs and ESS, and it allows the system to be restored from either a blackout state or a local outage state.
The proposed DSR methodology has the following features: 1. The DSR problem is modeled as a multi-time step optimization problem, which incorporates the operation of switchgears, DGs, ESS, and the behavior of loads under CLPU conditions. 2. The DSR problem is formulated as an MILP model, which can be solved effectively by off-the-shelf solvers. 3. Dispatchable DGs and ESS are coordinated with the switching sequence to energize as much load as possible, while satisfying various operational constraints. 4. The proposed modeling method can adapt to various operation conditions and can be further extended to incorporate renewable energy sources, real-time load profiles, and other applications requiring inter-temporal modeling and operations. The remainder of this paper is organized as follows. Section II describes the DSR methodology. Section III introduces the modeling method. Section IV provides numerical results to validate the proposed methodology. Conclusions and future work are discussed in Section V.
II. METHODOLOGY
The proposed DSR methodology is designed to generate a sequence of control actions (e.g., switching actions for switchgears and dispatching actions for DGs) that can optimally restore the affected customers without violating operational constraints. The DSR methodology can be conducted either in the control center of an advanced distribution system (ADS) or in the microgrid control center (MGCC) of a microgrid based on a centralized control architecture. Furthermore, the DSR methodology can be integrated into the outage management system (OMS) which can be fully supported by the ADS infrastructure. Fig. 1 demonstrates the architecture of an ADS. Once a power outage is detected, The OMS will collect information from the distribution supervisory control and data acquisition (SCADA) system, customer information system (CIS), interactive voice response (IVR), and smart meters through advanced metering infrastructure (AMI), as well as reports from the crews. The network model and CLPU load model can be updated based on the collected information. The proposed DSR algorithm built in the OMS will generate a restoration sequence which could be executed remotely through SCADA. Fig. 2 shows the flowchart for the proposed DSR method which will be initiated after a complete or partial power outage is reported and the outage area is isolated. The distribution management system (DMS) database will provide the information needed by the OMS. The network topology model and DG model can be developed according to the data reported by the crews through the OMS and the SCADA data, such as remote terminal units (RTUs) associated with switchgears, ESS, and DGs. Similarly, load models under the CLPU conditions are estimated based on the data provided by the CIS and AMI. After all the required parameters are collected, the proposed DSR algorithm will be executed, and a sequence of control actions will be generated. Then the system operator can confidently perform the control actions by controlling the switchgears, ESS, and DG remotely, or by dispatching crews to perform the tasks at the designated time. However, unexpected events can happen during the restoration process, and these can affect the optimality or the feasibility of the present DSR plan. In these cases, the DSR algorithm will update the system model and re-generate a new set of control actions, whenever these types of events are detected. The procedures described above will repeat until no more loads can be restored. The system operator can manually terminate the program as well. In addition, the proposed DSR methodology can also be implemented in a rolling-horizon manner. This is especially useful for solving large-scale systems within a reasonable time.
III. MILP FORMULATION FOR DSR PROBLEM
In this section, the formulation of the proposed DSR model is presented. Various constraints are considered to ensure the feasibility of the solution. Specifically, constraints for power flow, CLPU load modeling, and topological switching sequence are introduced.
A. Model Representation
A distribution system can be represented as a graph G(N , B) with N n nodes interconnected by N br branch lines. In addition, there are N l loads, N g DGs, and N ESS ESS allocated at different node locations. A node i ∈ N := {1, 2, . . . , N n } can represent a substation bus, or a bus connected with a load, DG, or ESS. If a node i ∈ N F is damaged for some reasons (e.g., a power pole is blown down or a substation is flooded), then all the components connected to node i cannot be restored before the damaged component is repaired. An edge (i, j) ∈ B := {(i, j):i ∈ N , j ∈ N } represents the line between node i and node j. A distribution system or microgrid (i.e., G(N , B)) can be represented as a spanning tree. Note that traditional radial distribution systems and microgrids will be no longer radial, when DGs and ESS are installed. This is because DGs and ESS can inject power locally and cause bidirectional power flow. In this paper, it is assumed that radial distribution systems and microgrids with DGs and ESS are operated in tree topology, which allows bidirectional power flow and contains no loops.
B. Assumptions
To simplify the DSR problem and ensure the feasibility of the solution, the following assumptions are made:
1) The time interval between two consecutive steps is assumed to be fixed. The variable time intervals, which are more practical to implement in real systems, will be considered in future work.
2) All the loads are modeled as constant PQ loads, and under CLPU conditions. 3) The proposed method can generate restoration solutions that assign each discrete time step a system configuration. In practice, the system operating condition will change continuously from the operating point at one discrete step to the operating point at the next discrete step, due to continuously changing variables such as energized loads under CLPU conditions. Therefore, it is necessary to assume that the intermediate system operating conditions always satisfy the constraints. 4) The communication network is available during the restoration process. This assumption ensures that the control commands can be performed timely for each time step. If a component is not controllable due to loss of communication, it will be classified as a failed component. 5) The energized system is maintained in tree topology during the restoration process, and there is a single substation node or black start DG in the system. Note the capability of operating meshed systems will provide extended flexibility for DSR, but presents substantial challenges for problem formulation [19] . Handling various network topologies will be considered as part of future work.
C. Constraints 1) Linear DistFlow Constraints:
Simplified DistFlow equations have been widely used for radial distribution systems, based on the assumption that the non-linear terms in the DistFlow equations are much smaller than the linear terms and can be ignored [19] . The following equations extend the Simplified DistFlow equations using binary variables:
Equality constraints (1)-(2) require that the total apparent power injected into a node should be equal to the total apparent power flowing out of this node. Only the energized lines can carry the power, which is ensured by constraints (3)-(4). Constraints (5)-(6) define the voltage magnitude difference between two end nodes of each energized line. The Big-M formulation is used to guarantee that the constraints are active only when the corresponding binary variables are equal to 1. The value of M should be selected carefully. An analytical method for using big M is introduced in [20] .
It is worth mentioning that recent research on the relaxation of the DistFlow equations has resulted in several power flow models [21] , [22] that can achieve more accurate power flow results. Some have been utilized in power system applications. For example, a formulation approach is proposed in [20] for reconfiguration and restoration problems for both radial and meshed networks, and it is capable of providing provable optimality gaps. With some modifications, these power flow models can be used in the proposed method to handle different system topologies and achieve better performance.
2) CLPU Load Modeling Constraints: Researchers have proposed various models to estimate the behavior of the loads under CLPU conditions [23] , [24] . The performance of different modeling methods are compared in [23] . In this paper, a linear CLPU model is proposed to model the behavior of load demands at different time steps, based on a given CLPU curve. Fig. 3 shows a typical delayed exponential CLPU curve. The outage occurs at t 0 , and the load is restored at t 1 . Due to the loss of diversity, the undiversified loading factor at t 1 is S U . Then the load starts to gain diversity at t 2 , and decreases exponentially. The post-outage diversified loading factor is S D , which is normally equal to the pre-outage loading level. It should be noted that the restoration time (i.e., t 1 ) for each load is not pre-determined. Given a CLPU curve, we can calculate the load demand at each sampling time. In this work, we assume the CLPU curve is equally sampled, and the sampling interval is t, which is the interval used for the DSR model. Assuming total N samples are collected from the CLPU curve of load l, denote L l (k) as the scale factor on the CLPU curve at k th sample, and L l (k) as the difference between two scale factors at k th sample and
Note that L l (1) is defined as the value difference between S U and L l (1) , which is 0. Equation (7) can be applied to any CLPU curve, and L l (k) should be calculated prior to running the DSR algorithm.
For a delayed exponential CLPU curve as shown in Fig. 3 , L l (k) can be calculated as [18] :
where C l,k is the duration between the time step when load l starts gaining diversity and the k th time step. Then the CLPU load can be calculated in an accumulative manner, which could be formulated as:
where P L l , Q L l are pre-outage active and reactive power of load l; P l (k) and Q l (k) are calculated using (7)- (8).
3) Transformer and Line Capacity Constraints: Transformers and transmission lines are allowed to overload at the expense of causing loss of life during emergencies [25] . In this paper, the maximum permissive kVA capacity for a transformer is determined by its rated kVA capacity, and the maximum permissive kVA capacity for a line is determined by its ampacity at rated voltage. The loading on the transformers and lines should not exceed the maximum permissive capacity.
Note that (11) is quadratic; thus a polygon-based linearization method introduced in [26] is used to approximate the quadratic terms. The radius of the polygon S ij is selected as
where n is the number of sides of the polygon used for linearization. For each line (i, j) ∈ B at each step t ∈ T , the linear constraints when n = 6 can be formulated as:
Constraints (13-15) will be used to replace constraint (11) in the MILP model.
4) Spinning Reserve Constraints:
The total amount of capacity of dispatchable generation should be greater than the total load demand to maintain a certain level of spinning reserve. We assume that the spinning reserve for the energized system is at least 15% for each step, in order to account for, for example, load prediction errors, unexpected loss of DG, and load due to succeeding failures. Note that spinning reserve capacity is defined as the total amount of capacity of DGs that is currently energized and ESS in the discharging state. For each step t ∈ T , the constraint can be described as:
5) DG Output Constraints:
For each time step, the output active and reactive power of an energized DG should be maintained within its rated capacity:
These constraints also force the output of de-energized DG to zero. For some DGs, like diesel generators, minimal power output should be ensured to avoid engine failure [27] . In addition, an optional constraint can be added for the dispatchable DG operating at a fixed power factor:
Constraint (19) does not apply for the substation node in an ADS or the black start DG in a microgrid.
6) ESS Operation Constraints: ESS can deliver exceptional flexibility for DSR because of its capability of generating and absorbing power strategically. A critical concern for ESS operation is to maintain the residual energy, or SOC, during the charging and discharging process. In this paper, it is assumed that both active and reactive power can be dispatched for an ESS, and that the SOC is not affected by dispatching reactive power [28] . For each ESS e ∈ E at each step t ∈ T , the operational constraints can be formulated as: Constraints (20)- (23) limit the active and reactive power when charging and discharging an ESS. Constraint (24) requires that an ESS can only start to charge or discharge when the connected node is energized. Charging action and discharging action are mutually exclusive; that is, an ESS cannot charge and discharge at the same time. The residual energy of an ESS is calculated based on (25)- (26) and maintained within a range as shown in (27) . Note that there is always some energy loss when charging and discharging an ESS. Self-discharging loss is not considered since the considered time horizon for DSR is relatively short. Constraints (28)-(35) require that the charging and discharging rate over two consecutive steps must be maintained within a range. Constraint (36) prevents the ESS from continuously charging or discharging too much power during and after the last time step T. In this paper, the ESS is required to be in idle state at the last step.
7) Voltage Limit Constraints:
The voltage magnitude of each node should be maintained within the acceptable ranges during the restoration process. This constraint can be formulated as:
The above constraints also guarantee the nodal voltage will be zero for de-energized nodes.
8) Ramp Rate Constraints:
The ramp rate of each DG should be within the acceptable range. The constraint involves two consecutive steps for each DG and can be formulated as:
9) Frequency Response Rate (FRR) Constraints:
FRR is defined as the system frequency dip when subjected to a sudden load pickup [29] . Prime movers are engines that convert various energy sources to mechanical energy (e.g., combustion turbine, steam turbine, and hydro turbine) for generating electricity; or devices that directly convert energy to electricity (e.g., photovoltaic and fuel cell) [30] . In [31] , an approach that integrates differential equations describing system dynamics into the optimization problem is presented. In this paper, a simple constraint is used for approximating the frequency response, as studied in [29] , in which FRRs are approximated for typical prime movers and used in the initial state of power system restoration. F is used to approximate the change of frequency dip when a sudden step load L (defined as the percentage of a generator's rated capacity) is restored. In [16] , [32] , and [33] , L is set to 5% of synchronized generation to avoid a frequency dip of about 0.5 Hz. In this paper, the FRR factor is set to 5% to avoid large frequency deviations. That is, the sudden incremental amount of restored loads at each step should be smaller or equal to the maximum allowable pickup amount, which is 5% of the total rated capacity of all energized DGs and ESS in the discharging state. The FRR constraints can be described as:
(39) Note that at each step, only load demand energized by switching loads from OFF status to ON status will be counted as sudden step loads. Loads energized in previous steps will change continuously during the succeeding steps, thus having a minor impact on transient frequency.
10) Connectivity and Sequencing Constraints:
The connectivity constraints are defined to ensure the connectivity among energized components at each time step. For example, an energized network at a particular time step should satisfy s N i,t = 1 for all the energized nodes and s N i,t = 0 for all the de-energized nodes. Similar constraints apply to the binary variables for branches, loads, and DGs. Connectivity constraints among the binary variables should be satisfied based on the following rules:
1. A dispatchable DG without black start capability can only be started when it connects to an energized node
2. A switchable line can only be energized when both end nodes are energized
3. A non-switchable line and both its end nodes will be energized simultaneously
. A node will be energized if it connects to a black start DG or a substation node
5. A switchable load can only be energized when it connects to an energized node
6. A non-switchable load will be energized immediately when it connects to an energized node
Additional constraints are applied to ensure that some components should not be shed after being energized:
Since some nodes are directly interconnected by nonswitchable lines, they can form a "bus block", as shown in Fig. 4 . Each bus block is connected to other bus blocks by switchable lines. Denote K as the set of bus blocks, and s BL k,t as the energization status of bus block k ∈ K. Also denote C := {(k, l):k ∈ K, l ∈ K, k = l} as the switchable lines between bus blocks. x BR ij,t , (i, j) ∈ B S can be used to represent the energization status of the switchable line (k, l) ∈ C, with i in bus block k and j in bus block l respectively. All the nodes within a bus block will be energized at the same time when any one of the nodes is energized. For each node i within the bus block k, the following constraint should be satisfied:
Note that the non-switchable lines within a bus block will be energized at one time, as required by (43).
If a bus block does not contain a black start DG or substation node, it can only be energized by energized switchable lines to which it can be connected. This can be described as:
Sequencing constraints are introduced for switchable lines to ensure that a feasible energization sequence can be generated. Specifically, each switchable line can only be energized when at least one of its ends is already energized at the previous step. This constraint can be described as:
(52)
11) Topological Constraints:
To ensure that the energized system is operated in the tree topology during the restoration process, the energized system at each time step should be a connected graph, and also satisfy:
In this paper, only one substation node or black start DG is assumed to exist in the system, i.e., g∈G S x G g,t = 1. Constraint (53) can be used for systems with multiple substation nodes and black start DGs to form multiple isolated subsystems. However, spinning reserve constraints and FRR constraints must be adapted accordingly. Note the connectivity and sequencing constraints guarantee that the energized network at each time step is a connected graph.
12) Initial Condition Constraints:
The availability information of each component should be assessed and input as the initial condition for the proposed DSR algorithm. This is done by directly assigning values to the corresponding decision variables. The initial conditions are defined based on the following rules:
1. Substation node in an ADS is energized or black start DG in a microgrid is started throughout the entire restoration process, and the voltage is regulated at a constant level U s (e.g., 1.0 p.u. or 1.05 p.u.)
2. All the switchable lines are opened at the first step
3. A disconnected or damaged line that cannot perform reclosing should keep being de-energized
4. A DG or an ESS that cannot participate in the restoration should keep being de-energized
5. A damaged node failed for restoration should keep being de-energized
6. A load that cannot be energized should keep being deenergized
D. Optimization Formulation
When a general blackout or partial power outage occurs to an ADS or a microgrid, the most critical concern is to restore the affected customers. The objective function is defined to maximize the total restored energy for the entire considered time horizon. The optimization problem can be formulated as:
subject to: constraints (1)-(6), (9)-(10), and (13)-(61).
The problem is formulated as an MILP model which can be effectively solved by commercial solvers. It is worth noticing that the proposed DSR methodology can be applied to both distribution systems and microgrids by manipulating corresponding constraints in the MILP model. For example, to restore a distribution system with substation nodes energized, constraints associated with black start DGs in the MILP model should be updated accordingly. If the system contains no ESS, then the EES operation constraints and the ESS terms in the power flow equations should be removed from the MILP model. To restore a system from a local outage state, the initial condition constraints should be configured properly to incorporate the information of energization status and availability of each component.
IV. NUMERICAL RESULTS
In this section, the proposed DSR algorithm is validated via four case studies performed on the modified IEEE 13-node test feeder and the modified IEEE 123-node test feeder. The MILP problem is solved by CPLEX 12.6, on an Intel Core i7-4600U, 2.1 GHz CPU, 12 GB RAM, and 64-bit operating system PC. 
A. Modified IEEE 13-Node Test Feeder
The IEEE 13-node test feeder is modified to a balanced system, and several tie-switches are added to provide topological flexibility. The single line diagram of the test feeder is shown in Fig. 5 . The transformers are represented as lines. The system is assumed to be completely de-energized due to an extreme weather-related event. Two lines (i.e., 671-692, 671-684) and the load on Node 652 are assumed to be damaged and disconnected, and cannot participate in the restoration. Three DGs (i.e., DG1, DG2, and DG3) are connected to Node 650, 646, and 680, respectively. DG1 is the black start DG. DG2 and DG3 are dispatchable DGs without black start capability. An ESS is connected to Node 632.
The parameters of the DGs are shown in TABLE I. The status indicates the controllability of each DG, with "1" representing the black start DGs that can be started at step t= 1, "1/0" representing the non-black start DGs that can be started once the control command is issued, and "0" representing the DG is not available to participate in the service restoration. The voltage of the black start DG is regulated at 1.05 p.u. A storage battery is connected to Node 632 through a bidirectional AC/DC converter. Its parameters are shown in TABLE II. The line parameters are shown in TABLE III. For simplicity, the line impedance is assumed to be 0.2 + j0.8 ohms per mile. Regarding the status, "1/0" represents the line can be remotely switched, "1" represents the line is directly connected to the two end nodes, and "0" represents the line is disconnected and cannot be closed. The load parameters are summarized in TABLE IV. The weight coefficients are randomly generated from 1 to 10 with a uniform distribution. For practical systems, the weight coefficients should be assigned carefully to ensure that the restoration priority determined by system operators is guaranteed. Similarly, S U l , S D L , D l , and α l for CLPU load modeling are generated using uniform distribution with the ranges being [1.8, 3 .0], [1.0, 1.3], [1, 4] and [0.5, 1.5], respectively. We assume that all the switchgears that are controllable for DSR are initially opened. The interval between two consecutive steps is fixed to 1 minute. The total number of steps is set to 10.
Two case studies are performed on the modified IEEE 13-node test feeder to demonstrate the effectiveness of the proposed DSR methodology. In Case 1, only DG1 connected to the substation node (i.e., Node 650) is used for service restoration. In Case 2, three DGs and an ESS will participate in the restoration. TABLE V lists the objective values and the computation time for both cases. The objective value in Case 2 is around 40% more than the objective value in Case 1. The computation time is within 1 second for both cases.
The restoration sequences for Case 1 and Case 2 are compared in TABLE VI. In Case 1, five loads with relatively higher weight factors are restored. In Case 2, three extra loads (L675, L671, and L611) are restored by coordinating dispatchable DGs, ESS and switches. In addition, in Case 2, both L634 and L646 are restored at Step 4, which is earlier than in Case 1. This is because DG2 and DG3 are started at Step 4 to provide power locally, thus more loads could be supported without significantly increasing the power output of DG1. Similarly, more lines in Case 2 are energized than in Case 1. Fig. 6 demonstrates that the system is energized sequentially in Case 1 and Case 2, respectively. Connectivity and sequencing constraints ensure that all the components in the energized system are interconnected at each step. In Fig. 6(b) , Node 645 and 671 are both energized at Step 3. L645 is restored at the same step (i.e., Step 3), but L671 is restored at Step 5, according to TABLE VI. This is because restoring L645 and L671 together will overload the substation feeder.
The total amount of energized load demands for each step is shown in Fig. 7 . In Fig. 7(a) , five loads are restored in the order listed in TABLE VI. Note that once a load is energized, the load demand will change according to the CLPU profile defined in TABLE VI. In Fig. 7(b) , a total of 8 loads are restored, except L652, which is assumed to be faulted.
The nodal voltage in Case 2 is illustrated in Fig. 8 . The voltage of Node 650 is fixed at 1.05 p.u. All the nodes are energized by Step 10, and the nodal voltage of each node is maintained between 0.95 and 1.05 p.u. for each step.
The active and reactive power output of DGs and ESS, and the residual energy of the ESS in Case 2 are shown in Fig. 9 . It can be observed that DG2 and DG3 are started to generate power starting from Step 4. The DG outputs ramp up and down at each step to coordinate with the change of load demand, in order to satisfy various operational constraints during the restoration process. The power factors for DG2 and DG3 are fixed. The total output of DGs at each step is equal to the total amount of load at the same step, plus the charging/discharging power of the ESS. In Fig. 9(a) , the ESS charges at Steps 2, 3, and 8 using surplus power from DGs, and discharges at Steps 4, 5, and 6 to support restoring loads. In addition, in Fig. 9(b) , the ESS outputs reactive power at Steps 4, 5, and 6, to help improve the voltage profile. As shown in Fig. 9(c) , the residual energy in the ESS is always maintained within the permissive range.
B. Modified IEEE 123-Node Test Feeder
In Case 3 and Case 4, the proposed DSR methodology is applied to a modified IEEE 123-node test feeder using the rolling-horizon method. The system data is adapted from [7] . There are 123 loads in the system. For comparison, the load demand used in Case 4 is around 50% of the load demand in Case 3. The system is assumed to be completely de-energized. TABLE VII summarizes the number of restored loads and computation time for different lengths of the rolling-horizon window and number of iterations. In Case 3, the system can be fully restored when the length of the rolling-horizon window is 30. When the window length is 12, 114 out of 123 loads can be restored within 3 iterations, indicating the rollinghorizon method may generate a suboptimal solution. Similarly, 114 loads can be restored within 7 iterations when the window length is 5 steps, while the computation time is a fraction of previous cases. Note that only 17 loads can be restored when the window length is 3, implying that the rolling-horizon method using a very small window length may generate lowquality solutions. Whereas in Case 4, in which the system is relatively lightly loaded, all loads are restored for the selected window lengths. Fig. 10 shows the total restored load at each step for Case 3 and Case 4. In Fig. 10(a) , different window lengths generate solutions of varying quality. Although using a window length of 5 can restore 114 loads eventually, the restored energy (i.e., the objective function) during the process is less than the cases using window lengths of 12 and 30. This is because the proposed formulation will maximize the restored energy within the given window length. For example, if a window length of 3 is given, the method will try to restore as much energy as possible within the given 3 steps. Using a very short window will easily get trapped into a local optimal solution. This is why when the window length is 3, the restoration plan in Fig. 10 (a) will restore more energy than other cases from Step 1 to Step 6, but restore no more loads after Step 6 to avoid violating constraints. Whereas other cases can successfully energize other DGs along the energization paths, then restore more loads using local DGs. For lightly loaded systems, using a short window may achieve good solutions as well, as shown in Fig. 10(b) .
Regarding the computation time, since the proposed MILP model defines variables and constraints for each controllable component at each step, longer window lengths will result in more computation time. Therefore, the window length should be selected carefully, and a properly tuned rolling-horizon DSR method can generate an acceptable solution within a reasonable time. The system operator should select larger window lengths, while ensuring the computation time is acceptable.
C. Validation of Restoration Solutions
To validate the restoration solutions generated by the proposed DSR method, the voltage magnitude and line power calculated by Simplified DistFlow are compared with the results calculated by OpenDSS, which is an open-source distribution system simulator developed by The Electric Power Research Institute (EPRI). The modified IEEE 123-node system and different loading levels are used to generate a total of 20 scenarios. For each scenario, a restoration sequence will be generated by the proposed method. Power flow for each energized system at each step will be solved using Simplified DistFlow and OpenDSS, respectively. The voltage of black start DG is regulated at 1.0 p.u. Fig. 11 shows the correlation between the Simplified DistFlow results and OpenDSS results, in terms of voltage magnitude and line power, respectively. The values calculated for different time steps are plotted with different colors. In Fig. 11(a) , the voltage magnitudes of OpenDSS results are lower than the results of Simplified DistFlow. The maximum error is less than 0.005 p.u. The voltage magnitude is maintained between 0.95 p.u. and 1.05 p.u. for all the scenarios. In Fig. 11(b) , for the line power, the maximum error is less than 10 kW. The errors are caused by the losses dissipated on each energized line. In Simplified DistFlow, the loss terms are ignored. In OpenDSS, the system loss will be supplied by the substation, or black start DG. This may cause additional power flow along the restoration paths. Conservative limits can be used to avoid violating voltage and line power constraints.
In conclusion, the proposed DSR methodology is presented and validated through case studies and demonstrates good performance. The proposed DSR methodology can generate a sequence of control actions that optimally coordinate the operation of DGs, ESS, switches, and loads during the restoration process. Various operational constraints are guaranteed to be satisfied at each time step.
V. CONCLUSION
A novel multi-time step distribution service restoration methodology has been presented. The proposed DSR methodology can generate a feasible control sequence, which can fully coordinate the operation of DGs, ESS, RCSs, and loads under CLPU conditions over a planned time horizon. The proposed DSR methodology can also incorporate different initial conditions to enable the rolling-horizon-based decision making to adapt to changing operating conditions during the restoration process. The system can be energized sequentially by following the control sequence without violating operational constraints. In addition, CLPU issues are properly addressed. The DSR problem is formulated as an MILP model. The proposed DSR methodology can be integrated with the OMS in the control center of an ADS or a microgrid. Future work includes developing a method for applying the proposed DSR to three-phase unbalanced systems operated in various topologies.
